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TECHNICAL MEMORANDUM

MICROSTRUCTURAL EVOLUTION OF NARLOY-Z
AT ELEVATED TEMPERATURES

INTRODUCTION

At present, the space shuttle main engine (SSME) main combustion chamber MCC) liner is
fabricated from wrought NARIoy-Z (figs. 1a and 1b). Figure 2 shows that the liner consists of (A) a hot
wall, (B) channel lands, and (C) cooling channels. The thickness of the hot wall varies from 0.5 to 0.75
mm (20 to 30 mils). Currently, the liner undergoes a heat treatment cycle that includes solutionization in
a vacuum furnace at 935 °C (1,715 °F) for 4 h, water quenching to room temperature, and age hardening
at 480 °C (900 °F) for 4 h. The cycle results in a homogeneous fine-grained microstructure with a
uniform distribution of Cu-Ag-Zr intermetallic and Zr oxides in the matrix (fig. 2, regions A and B).

During hot firing, the hot wall is exposed to temperatures from —252 to >538 °C (422 to
>1,000 °F). This elevated temperature exposure causes microstructural changes that include precipitation
and coarsening of intermetallic phases in the matrix and grain boundaries (fig. 3). At temperatures
exceeding 538 °C (1,000 °F), such inhomogeneities tend to lower mechanical properties, especially
ductility. This in turn leads to crack initiation (arrow, fig. 3), and ultimately to cracking of the hot wall
(fig. 3a).

Efforts are underway to reduce the cost of MCC fabrication by using alternative processes such
as vacuum plasma spraying (VPS). However, VPS NARloy-Z has an inhomogeneous microstructure
with coarse precipitates in the matrix and at the grain boundaries. This study addresses the question of
whether exposure to elevated temperatures will homogenize the VPS alloy to obtain a microstructure
typical of the wrought alloy. The focus was placed on microstructural changes in wrought and VPS
NARIoy-Z after exposure to various elevated temperatures which were close to, yet below, the alloy
melting point.

BACKGROUND

" An understanding of the physical metallurgy of NARIoy-A is necessary to understand NARIoy-Z,
especially the role of the Zr addition. NARIoy-Z is a ternary alloy (Cu-3 wt.% Ag-0.5 wt.% Zr) derived
from the binary alloy NARloy-A (Cu-3 wt.% Ag).

A. NARloy-A

NARIoy-A undergoes quite complex decomposition reactions. Ag-rich phases experience con-
tinuous/discontinuous precipitation during aging at 480 °C (900 °F) for 4 h. Continuous precipitation can
take place before, during, or after discontinuous precipitation.!

Continuous precipitation is responsible for age hardening of the alloy and occurs when an Ag-
rich phase is uniformly distributed into the matrix. These precipitates have the same orientation as.the
matrix, but a slightly different lattice parameter, making them semicoherent.



Discontinuous precipitation refers to selective grain boundary precipitation. This condition
results in a eutectic-like structure that reduces the mechanical properties of NARloy-A.

B. NARIloy-Z and the Zr Addition

Reports indicate that discontinuous precipitation is inhibited when Zr is added to Cu-3 wt.% Ag.
The presence of Zr makes three major contributions to the microstructure of NARIoy-Z:2

1. Grain growth is restricted by pinnihg Cu grain boundaries with Cu-Ag-Zr intermetallic com-
pounds.

2. Discontinuous precipitation is inhibited by Zr, which promotes homogéneous precipitation of
Ag-rich phases on aging. -

3. Zr deoxidizes the alloy and removes Cu,O from the grain boundaries, improving ductility at
elevated temperatures.

Based on the binary phase diagrams, the maximum solid solubility of Zr in the Cu matrix is
about 0.1 wt.% at 935 °C (1,715 °F). Since NARIoy-Z only contains about 0.5 wt.% Zr, the excess will
precipitate either as a Zr-rich intermetallic phase or as Zr oxide (Zr;O3).

To achieve the best thermal conductivity and mechanical properties, the recommended heat
treatment cycle for wrought NARloy-Z is to solutionize at 935 °C (1,715 °F) for 4 h, water quench, and
then age at 480 °C (900 °F) for 4 h. The Ag-rich phase will uniformly precipitate out, giving an age
hardening effect.

Wrought NARloy-Z contains traces of O (~50 ppm). Zr is assumed to absorb any O present in
the matrix, forming stable Zr oxide which is uniformly dispersed throughout the matrix. The Ag-rich
phase is assumed to provide precipitation hardening during the heat treatments discussed above.
However, formation of complex Zr- and Ag-rich intermetallic phases and their influence on the
microstructure and mechanical properties are not well understood.

In an MCC liner fabricated from VPS NARIoy-Z, the microstructure showed large volume frac-
tions of undesirable grain boundary precipitates, cavities, etc. The relatively high O, content (200 to 500
ppm) segregated to the grain boundaries as Zr and Cu oxides during the deposition process. As a result,
microstructural inhomogeneity contributed to lower mechanical properties in VPS NARloy-Z.3 4

EXPERIMENTAL PROCEDURE
The present investigation used samples of wrought and VPS NARIloy-Z, containing precipitates
of Ag- and Zr-rich phases in the matrix. Prior heat treatment histories were as follows:
1. The wrought material was centrifugally cast, hot rolled into shape, and then heated in a

vacuum furnace to 935 °C (1,715 °F) for 4 h, followed by a water quench. The material was heated
again in a vacuum furnace to 537 °C (1,000 °F) for 8 h, followed by a second water quench.



2. The VPS material was sprayed at 870 °C (1,600 °F) for 4 h, slow cooled, and then hot isostat-
ically pressed at 870 °C (1,600 °F) for 2 h at 15 ksi. '

All samples were heated in a drop-through vacuum furnace (fig. 4) to temperatures ranging from 935 to
970 °C (1,715 to 1,780 °F) for up to 50 h, then rapidly quenched by He gas.

Metallographic samples were prepared and etched using an ammonium persulphate solution
((NHy4),S,05 per 100 mL H,0). The samples were examined with an optical microscope, a Hitachi
S-4000 field emission scanning electron microscope (SEM), and a Cameca SX-50 electron microprobe.
Elemental analysis of different phases was performed using qualitative energy dispersive spectroscopy
(EDS) and electron probe microanalysis (EPMA).

RESULTS AND DISCUSSION

A. Wrought NARloy-Z

Optical and SEM micrographs for heat-treated wrought NARloy-Z are shown in figure 5. Both
Ag- and Zr-rich intermetallic phases were present in the Cu matrix and grain boundaries. Figure 6a
shows a typical EDS spectrum of the Zr-rich intermetallic phase at the grain boundary (arrows in fig. 5).
Zr oxide was also present, probably as Zr,0; in the matrix. An EPMA was used to determine the
concentration profile across the intermetallic phase (fig. 6b). Oxygen was present probably as Cu,O
(fig. 6b) and also as Zr, O3 (fig. 6¢).

After heating to 935 °C (1,715 °F) for 16 h, the surface still contained undissolved precipitates
and islands (fig. 7). The islands were 200 to 400 um in size and had a volume fraction of approximately
30 percent. Figure 8 indicates that the islands persisted when the same sample was heated again for 50 h
at 935 °C (1,715 °F). The grain size within the islands (~50 pm) was relatively small compared to the
grain size in the matrix (~200 pum). Intermetallic Ag- and Zr-rich precipitates were also observed in the
matrix and at the grain boundaries of the islands. Figure 9 shows EDS analysis of different precipitates
(marked 1 and 2), indicating that each precipitate had a different chemistry. The composition of the
matrix phase is about the same within and outside the island (areas 4 and 3, respectively, figs. 8 and 9).
The concentration gradient of each alloying element in the bulk material (region A, fig. 8a) and the
island (region B, fig. 8a) is given in an EPMA (fig. 10). Negligible amounts of Zr and O, were observed
in region A, as compared to region B (fig. 10). The Zr and O, concentrations peaked at the matrix/island
interface. They decreased as a function of diffusion distance within the island, although region B
contained high average concentrations (about 0.8 and 0.3 wt.%, respectively). These concentrations
increased at island grain boundaries (probably due to the formation of stable Zr oxide at the A/B
interface) and were higher within the island. The average grain size in region A was about three times
larger than in region B. The cause of migration of Zr and O, from the bulk and segregation at grain
boundaries, forming islands, is unknown. Ag loss from the surface probably occurred during heat
treatment, due to higher partial pressure of Ag vapor in the furnace, as compared with Cu and Zr.
However, the Ag concentration averaged about 1.7 wt.% throughout the surface of regions A and B.

A cross section of this sample was examined to determine the Ag concentration gradient and
depth of loss. In figure 11, optical micrographs reveal an almost precipitate-free zone near the surface



(region X) and still undissolved intermetalic precipitates in the bulk (region Y). The average grain size
in region X (200 to 300 um) was about twice that seen in the core (70 to 100 pm).

Figure 12 shows the Ag concentration gradient across region AB of figure 115. About 0.3 wt.%
Ag was observed at the surface of depleted region X, increasing linearly as a function of diffusion
distance towards the core (region Y) and leveling off at about 3.3 wt.%. Zr and O, concentrations were
negligible in region X and increased towards region Y as a function of diffusion distance.

Island formation and the persistence of intermetallic phases were confirmed by another sample,
heated to 970 °C (1,780 °F) for 6 h. Undissolved second phases, islands, and incipient melting of grain
boundary triple points were observed on the surface (see arrows in fig. 13). The results indicate that
intermetallic Cu-Ag-Zr phases are difficult to redissolve, even when the sample is heated close to the
melting point.

During elevated temperature exposure, two types of microstructural phenomena apparently
occurred: (1) grain growth at the surface and (2) migration and coarsening of undissolved Zr and inter-
metallic phases. The combined effect of grain boundary diffusion and grain growth led to grain
boundary segregation of Zr and intermetallic phases. Since Zr has more affinity for O, than Cu and Ag,
traces of O, present in the matrix migrated with Zr to form stable Zr,05;.

B. VPS NARloy-Z

Prior to heat treatment, the VPS NARloy-Z samples had a two-phase microstructure, composed
of a matrix and grain boundary precipitates. The average grain size was about 30 um, which was smaller
than that of the wrought alloy (~100 um). Although these samples were heated to 970 °C (1,780 °F) for
6 h and rapidly quenched with He gas, optical micrographs showed that the grain boundary precipitates
did not redissolve into the matrix (fig. 14). Even prolonged exposure to elevated temperatures did not
appear to produce any change in the microstructure, and no grain growth was observed.

Wrought and VPS NARIloy-Z had very similar compositions, but their microstructures were quite
different in areas such as grain size, volume fraction, size and distribution of intermetallic phases, and
presence of Zr oxides. These variations probably resulted from different processing conditions.
However, the samples continued to have different microstructures even after both were exposed to an
elevated temperature of 970 °C (1,780 °F). Such behavior is different from steels or Ni-based alloys, in
which a single phase can generally be obtained after a suitable elevated temperature solution treatment.

Other techniques may be more effective for homogenizing NARIoy-Z. A recent investigation
demonstrated that microstructural inhomogeneity (such as grain boundary precipitation, voids, and cavi-
ties) in wrought and VPS NARIloy-Z can be eliminated using a process called “glazing,” which creates a
uniform microstructure by rapidly melting and resolidifying the surface with high energy electron or
~laser beams. This research will be published elsewhere.>

SUMMARY

Homogenization treatment at elevated temperatures up to 970 °C (1,780 °F) was conducted for
up to 60 h on samples of wrought and VPS NARIloy-Z. The samples had the same composition, but



different processing histories and initial microstructures. Grain growth was observed during
homogenization. Excess Zr and O, segregated at the grain boundaries, forming Zr,O3 and intermetallic
compounds of Cu-Ag-Zr. In wrought NARIoy-Z, islands approximately 200 pm in diameter were
formed, with Zr- and O,-rich elements in the matrix and at the grain boundaries. Their volume fraction
was ~30 percent. In both cases, the intermetallic Ag- and Zr-rich phases precipitated out (e.g., in service
or during VPS or thermomechanical treatments), and they could not be redissolved into the matrix by
solutionizing at elevated temperatures.
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Figure 1b. MCC schematic of cooling channel locations.
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Figure 2a. Optical micrograph of MCC liner
fabricated from wrought NARIoy-Z, with
uniform microstructure in the hot wall
(region A) and channel lands (region B).
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Figure 2b. Optical micrograph showing the
microstructure of the channel land
(region B) and cold wall (region D).



[T

e w

10



-goewmy Surysuanb pue Jurresuue wnnoea ySnonp-dorp oy Jo weiderp duy dNEWYDS ‘p AM3L]

Ilod
Bupesn

sep oH

ejdweg

o|dnosounsy | |/

wun
uoje|os]
oneubep

dwngd
wnnoep
{eslueyoey

—

11



e | o ™ ' - ~ ' ' T LI ¥ o

“BOJE QWES SJuasaIdar moiry
"XINeW pue seLrepunoq urels oyi 1e sajenddaid yim Z-LondvN 1ySnomm jo sydesSordrw (p pue 9) WAS pue (¢ pue €) [eondQ ¢ am3ry

o

| WrBB'E MO BIX A%B-'@2 £96@6 W@ 'S¢  BBPX ANB B2 PO9EBEE
,, i , ,M. 3 . o g . . o R : ; [N

us

0k,

12



-saseyd you-r7 Jo dsuasaid oy Sumoys ‘sarendivard Lrepunoq ureisd g Jo auo woly sisAfeue SA9-WAS P9 2131y

€40TST = 0 TeIZa]
<€0IT01 A 0€Z°01 = aSuey 000 >

6 8 L 9 S 14 3 4 I
] ] J | | | | | ]

~

no

L)

xurew uo 1dd ‘gy odureg
EVCI:S1 T661-AON-ST

13



o o

'saseyd you-rz pue -3y Jo ddudsad
o Sumoys ‘sayedioard Arepunoq uresd o) Jo Suo woIy sisA[eue VINJA 'q9 2m31g

(wm) souelsi(y
0T 81 91 14| 4! o1 8 9 14 [4 0
PSP NS SR N U U S P WU S U U ST S PSR S SR RO S BT 1
. o S — S S — \ll“l'n\'l"ll'l'l
) N [ _ _ _
|
0!000 B - 00000 N w< -
se® OOGIOI 0..0.. T o\ln.... o.ttooo _ “ -«.
s
P
o OOOOO evsose - - . Mo m
IZ, o o e _ 0%
3y - _... m
- - - -
¢
Suw 00001 :owi], ununo) Wwd/SIUN0D ()T -ATEIS [EOA 9GLE "XEW 17 'edS
AX00°0T :3eoA USH UI/SIUNOD QT :9TeIS [EITUIA 8167 XeW 3V :ZdS
VU96'pT uoum)) weay wW)/SIUN0D Op] 3eIS [EINLDA T80T “XeN O:1dS

o[BS JRQUI] [BOTLIOA
Sutuueos wreaq -XS-xeqawe)
aseyq JITeISWINU] WoL]

14



")) Jo aoussaxd oy 01 anp st yead uagAxo Teuonrppe Ayl pue (EQTIZ) 9pIXO U sB

17, 30 9ouasaxd oy Suimoys Kofre 1ySnorm o ut Jussaid sarendroaid xeus 3yl Jo Ao wolj sisA[eue YINJH 99 23]

£C 1T
] 1 ! ]

(wrf) souvIsIT
£
]

N SN
e N~
. hd .,

SINSaI saneInUen) - X S-Xeqawe))

— g
,c\\

JUPPETSISRT I B
- 0
|90
Lgo
Lot
L1
Lyl
Loy
g1
0

—T7T

1dd 7-KoryvN uSnoip
(%) uonenuaduo)) WS\ PAIIALI0D

(%) areds reaur

15



L

R

[ 4

(o STL'T) Do SE6 18 INS0AX JAIE POULIOJ SABY SPUBIST YOTYM U *

" . . ’ ™ [ LA R

"(9) 4 0S pue (8) y 97 01 dn 10§

Z-A0rg VN 143noim jo syderdoromu reondp -z amng

0S
, _ [N
.u .
N m‘ 1
\,\ 4
{ e
- . .” -
. * '
| cy »
L ’ " L 4
3
- - N
/
. L
L J ~a .
N 4 -~
e Ai 4
) e

16



"4 0S 10J (4o STLT) Do SE6 18 2ms0dxd 10958 spuelst Surmoys ‘sydergorsiu (p*d) WAS pue (q°e) eondo °g am3ig
"ee:3s

.,xu,.@.mx N21B B2 292 WIE ' EE ANG B2 BSEBE6

e
|
|

LD P L H . v Y N

17



b g ' » v w

"SaLrepunoq ureld puerst oy 1e Jussaxd
saseyd you-rz pue -3y Jo uonisodwod o yim ‘p 01 | suordal ‘g amJy wory endads SAI-INGS 6 2mS1g

1L

LN R ] O TR T TR L | [T

£pS197 = 0 Twa8onu]

626792 = 0 [es8aqu]

SC9E:TL T661~AON-ET

-~ 0I1°01 , AN 0ETO1 = 28uwy 0000 ~| | - O11'01 AP 0ETO1 = oBuwy 000°0 =3~
6 8 L 9 < 14 € T 1 6 8 L 9 g |14 £ 4 1
1 1 1 1 1 1 1 L { ] 1 1 ] ] 1 1 {
—— o =
n e}
)
o]
ny Lie)
p T Xutew ‘gy o(dumg ¢ 1 xuww gy Jdureg
PO 15°T1 T661AON-ET 00°9p-T1 T661-AON-ST
195€92 = 0 [eadanuy 98662 = 0 eI3A]
~— 01101 A 0£Z°01 = 23uwy 0000~ | | <€ 011 D1 ASNQETO1 = 93uwy 0000 =
6 8 L 9 < |14 € (4 1 6 8 L 9 S 14 € 4 1
1 ) { 1 1 1 1 1 1 1 1 . 1 1 1 | 1 1
ﬁ Iz o m< (o]
nn he}
y
iz o
e
Lol e

z xuew uo Wdd 'gy odureg I A1punoq ures8 uo Wdd ‘g srdureg

TT6L-T T661-AON—ST

18



"90BLIAUL 9Y) 18 2O pue IZ JO uonedaIdas pue
quacoEmanoQQEEE.m9<m=o%8.uwoéwac_cuomSataﬁc:ﬁﬂ\xﬁae\@smmobagmm.oH am31y

IO ST
61 L St €1 1} 6

L S £

] |

. .
[
. .
.. »
(Y [
s [
. e —
. »
Y [
[y .
. @
. o
.
.« 9

[

/
74

_|"|L.n“..F _ L e
— — T ey P TS g = Ly [

O SePOeSOROOS

) 7 AR —

3y

@

I\
ooeymg YMg

PUR[S]

sjnsa1 saneInueng) - XS-xeqaure)

(%) UONENUAdUO)) WAL PANIALI0D

-€0

—9'0

—6'0

Y

1]
(o}
(o) Teds Teaur]

- 0'€

- €€

-9°¢

LIt D Y

LN/ T

—6'¢

o

19



v PR 1 . R ]
oo . Cowe e - . Lo e e e e -

‘sourepunoq urerd *(X wordar) auoz dax3-arendroard
1e 3seyd SreIoWIaIUT YoU-IZ JO Sunensny[ ‘(11 "31J UL UMOYS S UOIZAI AY) WOIJ
uonedaIdas 3UIMOoYs moLre o) £Q payIew Se uoIgar PaUTWEXa ST UONIIS $50I9) Y (S 10J (I, STLT) Do SEE 18

ay woiy q1 1 am3y Jo yderdororu reondQ 211 amSig

amsodxa 1aye oidures ayp jo yder3oroww reondp "qyy amsyg
[1Ts — i i
i _ f

J

i 3 o

) (Q)

TR

"amsodx? amiessdws) ParRAS[d 191Je SANMOWNSOIdTU TUAAJIP Suimoys srdwres oy Jo WeISeIp Ui oNBWYoS 2] 2mSL]

v
UreIn) as1e0))
M31A UOTIDIS SSOID) “ q _
|
/_r.r ureIn suy|
(MITA reueld)
soeymg dop— | (®)

20



*q11 2m31y ur (X) 2703 01 (X) 998LMS WOIJ JUIIPLIS UONLNUdU0d Y YA ‘pT] M3y Ul g 01 Y SUOIFAI JO VN °Z1 am31]

Joquuni siutodq oeyng

X4 1T 61 LI ST el I 6 L S £

| 1 | ] 1 | 1 1 l'_‘ _ |

i T LT oncocoouooootouococho,oo“.“okﬁn-o\o‘(l‘l" congslencston, faneee® T o 00cnee
f/ o/ ~ \// / i

NV

v/ N/

V \/

A

suresd [ews ‘l—LwEEwowus
Z

unizy=1d1
o POV DLOBO N

kN E— R = —

v

UOMIISSOI)) IN)) IAU)
Z - KORIVN [esuue 1y 09
9 10xq ‘$OZN

urd z¢ =1d1
SHNSAT ATEMUENQ - X §-XEqIUTE) (%) uONEeNUIIUOY) WYSTOM PAOAI0))

Th, - [ " Wt Mo e I L3

Lot

Feo
L 90
- 60

Fer

Fsr
-1T
- yT
LT
toe

KX’

(%) 37808 Teaury

LY

21



4

, , T " " W TR < R T
y L N U ™) w oo y e LN LR

"BAIe Qures JuasaIdar smoLry Junrour Juardiour pue spuelst Suimoys
Y 9 10§ (4o 08L'T) Do 0L6 ¥ pasodxa sem ajdures 1oype sydesSorsur (p 0 ‘q) WAS pue (e) eondQ g1 omSry

']
- i

YM4N99,,.898SvX  AdxecB2 Bespes 419D, 0SPX

i ST

22



1 amsodxa 191Je Z

sayendoard Arepunoq uresd yim ‘g 9 103 (3, 08L°T) Do 0L6

KOTIWN SdA Jo (uoneoyjiuSew ySry ‘q pue ‘uonedsyrudes Moj ‘e) sy

dex3oromu reondo

1 231y

23



APPROVAL

MICROSTRUCTURAL EVOLUTION OF NARLOY-Z
AT ELEVATED TEMPERATURES

By J. Singh, G. Jerman, B.N. Bhat, and R. Poorman

The information in this report has been reviewed for technical content. Review of any
information concerning Department of Defense or nuclear energy activities or programs has been made
by the MSFC Security Classification Officer. This report, in its entirety, has been determined to be
unclassified. R S T

CrK,

P.H. SCHUERER
Director, Materials {nd Processes Laboratory

¥ U,S. GOVERNMENT PRINTING OFFICE 1993—733-050/80117

24

-

T TR L. LA I IR . LI,

....,iul“\uwﬂ“h



Ed

oy A

g,



oo




